Abstract -Too often chestnut wood (Castanea sativa Mill.) becomes economically uninteresting because of the high risk of ring shake to which this species is prone. For more than twenty years chestnut ring shake has been the subject of studies undertaken in an effort to understand its underlying causes and mechanisms. Since not all aspects of the phenomenon have been sufficiently studied at the present time, ring shake has not yet been completely elucidated. However, it is possible to outline a general framework of the phenomenon and advance preliminary ideas on the causes that contribute to the development of this type of fracture. This article summarises the current state of knowledge, discusses the possible causes and proposes measures to reduce the risk of ring shake occurrence in chestnut.
INTRODUCTION
Chestnut (Castanea sativa Mill.) is widespread in about 15 Mediterranean and Central European countries with a total cover of more than 2 million hectares [12] . Until the mid-20th century, chestnut was of fundamental importance to the economy and to the subsistence of rural populations. Then, with the decline of the rural economy and the onset of diseases, the management of chestnut forests ceased. However, chestnut timber possesses a pleasant appearance, high durability and good mechanical properties. Since it can be processed using modern manufacturing or industrial techniques (laminated, veneer, lumber, non-structural Glulam and solid wood panels) suitable for such added-value sectors as furniture, equipment and carpentry, it is one of the most versatile and appreciated woods growing in Europe [12] . One of the main problems to be taken into account is the risk of ring shake, whose occurrence greatly reduces the value of the timber assortment. In the worst case, the incidence of ring shake is so high that only few logs of a stand can be brought to the sawmill. With ring shake as the main obstacle to the economical exploitation of chestnut wood, today's forest managers are not ready to invest in chestnut forests. As a result chestnut wood, tends to be a largely neglected natural renewable resource.
Ring shake is a widespread phenomenon affecting a great number of species of both softwood and hardwood and is found in trees grown in temperate and tropical climates. In general, however, it afflicts only a very small proportion of trees. Irrespective of whether the cracks occur after felling or cross cutting, they are nearly always radial cracks. Some species are more heavily prone to ring shake occurrence (such as some species of the genus Quercus, Juglans, Abies, Pseudotsuga, Tsuga and Eucalyptus [19] ), but chestnut is probably the most widely affected species, since it is nearly impossible to find a forest plot without any ring shaken log.
Research into ring shake is aimed at understanding the factors that cause the fracture in order to evaluate new preventive measures that will minimise the risk of occurrence. This would permit the reintroduction of a "driving force" for chestnut forest management.
This review summarises the fragmentary acquired knowledge currently available about ring shake in chestnut wood and discusses the causes of the phenomenon. We also propose measures for decreasing the risk of ring shake occurrence. In doing so we intend to open up new discussions of the subject and provide a solid base of knowledge for future investigations.
FUNDAMENTALS OF CHESTNUT RING SHAKE

Definition
At the end of the 1980s Chanson [16] and Cielo [19] published objective definitions of ring shake, distinguishing between a description of the phenomenon and its causes. Discarding indications of the causes or the process that lead to ring shake, since none of the several suggested explanations was widely accepted, they simply defined ring shake by its appearance, i.e. a separation in the tangential plane that occurs in the ligneous tissues along the annual growth ring.
Where and when ring shake appears
Ring shake occurs mainly in stem wood. In some cases it can also appear in the big branches of aged trees, but this is quite rare. It usually does not occur in roots. Opinions diverge on whether ring shake is already present in standing trees, with several authors believing that it might be at least partially present in living trees [19, 22] . Radial ultrasonic measurement of stems evidenced that waves propagate more slowly in stems which displayed ring shake immediately after felling [35] . This may be due to a break in wave propagation caused by the fracture. But other factors, such as a decrease in the radial moduli of elasticity of trees prone to ring shake, could also explain the slowing of wave propagation [51] . Conversely, other authors [18] believe ring shake to be found immediately after felling results from the releasing of growth stresses in the stem when the stem is crosscut. At all events, new ring shake may occur after the cutting of the tree either as a result of the logs being dried and sawn or even as a result of the installation of wood products [18] . After felling, two different trends of crack development and propagation are observed on the logs, depending on the occurrence of ring shake displayed by the freshly felled stem. If the stem displays some ring shake after felling, the wood drying and wood heating process tends to increase its size or number; conversely, if the stem displays radial cracks rather than ring shake, logs cut from it are inclined to form and extend radial cracks [1, 10, 18, 19, 25] . In some cases newly formed radial cracks may also change direction, going off a tangent to generate new ring shake [51] .
Types and features of fractures
In his observations Chanson [17] distinguished two types of ring shake: "traumatic" ring shake and the more common "healthy" ring shake. By definition, "traumatic" ring shake is always related to visible anomalies in the wood tissue, whereas with "healthy" ring shake, splitting appears to be unrelated to any recognisable anatomical perturbation. Two fracture features can be distinguished in traumatic ring shakes (figure 1): the first, which we have called "overlay", is characterised by scar tissue superposed on dead cells without any connection between them [16] . It is also possible for ring shake to arise indirectly as a consequence of trauma. In this case a process of compartmentalisation appears, leading to discoloration and decay in the surrounding area [22] , and ring shake may occur in the wood tissue as a detachment between the anomalous cells. We called this second feature "discoloured detachment". The "healthy" type also displays other fracture features, depending on the manner in which the wood cells are separated ( figure 1) . A first feature of observed ruptures is detachment in the compound middle lamella layer between cells. This kind of shake mainly develops at a ring boundary [61] and is typical of ring shake caused by wood drying [58] . We named this feature "detachment". The second feature of fractures that occur predominately in ring shake developed in fresh green wood immediately after the tree-felling consists of a crack that develops across the cell walls of the earlywood vessels [58] . This latter feature was called "crack" by virtue of evidence of a break in the wood cell wall opposing it to the detachment feature, where the material seems more to be "unglued".
DISTRIBUTION AND INCIDENCE
In relationship to environmental and anthropogenic factors
Several authors have investigated the relationship between environmental factors and ring shake. One of these is Chang [15] , who, in his general review of ring shake in different species, pointed out that ring shake is not determined by a unique element, but it is rather the result of several factors that act together. One of these factors might be temperature, since it is hypothesised that frost or sudden temperature change might open fractures in wood. Observations on chestnut stands partly support this hypothesis [41] . According to Chang, chestnuts growing in cold zones seem to be more affected by ring shake than those growing in temperate zones. This theory is contested by results obtained by Boetto [10] and Cielo [19] , which showed that exposition and elevation have no effect on ring shake intensity.
A further element thought to play a role in the ring shake process is soil. In his study on ring shake in oak, Lachaussée [48] reported that the problem occurs less frequently in trees growing in fertile soils than in trees growing in poor ones. Observations reported in other studies on chestnut support this hypothesis, even though the differences in the incidence of ring shake are only slight [4, 41, 57] .
In addition to environmental conditions, anthropogenic factors have also been reported to be involved in the ring shake process. In fact, although the defect is present in every management system, be it coppice stand, high forest (plantation or natural) or orchards, it was observed that the risk of ring shake in chestnuts growing in high forests is minor [18, 22, 41] . In addition, a recent study by Amorini et al. [4] revealed that in coppice stands a positive relationship exists between a high silviculture intensity and a lower risk of ring shake formation.
In the chestnut distribution area
As yet there has been no comprehensive study of ring shake propagation across all areas in which chestnut is grown, but many indicators of occurrence in mature stands allow us to deduce that in the Mediterranean area at least, ring shake occurs wherever chestnut grows. Investigations in different areas of southern France give indications of regional differences for both "traumatic" (more frequent in Mediterranean regions) and "healthy" ring shake (more abundant in Limousin then in Périgord, for example) [57] . Fragmentary investigations conducted principally in France and Italy support this belief (table I), even if ring shake is quite rare in some localised areas.
Among chestnut trees
Several authors have undertaken analyses in an effort to identify tree characteristics that will enable us to differentiate ring shaken trees from unshaken ones. In general, it proved very difficult to identify such characteristics for trees grown on the same stands: in practice ring shake not only occurs both in trees that display an equilibrated morphological structure and in trees that do not [10, 17, 19] , but also in dominant and dominated trees [4, 10, 19, 54] . Likewise, bark morphology and chestnut blight (Cryphonectria parasitica) do not seem have any impact on fracture development [19] . However, a few authors observed that old and/or big trees might be more inclined to develop ring shake [1, 10, 17, 19, 22, 41, 54] . Results from further investigations using the multivariate analysis method bear out this trend [17, 25, 54] .
Analysis of ring shake occurrence within a single coppice stand indicates that the phenomenon is not randomly distributed throughout the tree population, but is instead concentrated over a number of stools. In particular it was observed that the incidence of ring shake among all shoots of the same stool tends to be the same [25, 54] . Considering the ring shake incidence of the standards (shoots that stay for two rotation periods), this appears somewhat remarkable. In fact Macchioni and Pividori [54] observed in their study that all the standards displayed ring shake, even if all the other shoots in the same stool did not. The authors also observed that ring shake in standards mainly occurs near the annual rings, corresponding to the years of the cut of the previous coppice stand.
Within trunks
In general, it has been noticed that longitudinal ring shake occurs mainly at the base of the stem [1, 4, 10, [17] [18] [19] 51] , while radial ring shake (from the pith to the bark) is distributed with unimodal frequency in the middle third of the radius [1, 10, 11, 25, 54] . It has been observed that drying increases ring shake intensity and that the new distribution is slightly shifted towards the bark [25] . The defect appears to be randomly distributed with respect to the cardinal points in the stem cross-section, even in a stand situated on a slope [25] . It was observed that the occurrence of ring shake is concentrated in a limited number of rings which are characterised by a narrow radial current increment followed by larger rings, i.e. in trees that have grown irregularly [4, 17, 22, 25, 54] .
TOWARDS THE CAUSES
We can define the cause of a specific defect as the antecedent event, condition, or characteristic that is necessary for the defect to occur at the moment that it did [60] . The concept of causation is commonly characterised by the assumption that there is a one-to-one relationship between the observed cause and the effect. But with experience and research into the process that causes ring shake, we have been persuaded that ring shake results from a complexity of factors that act in concert. If we consider the formation of ring shake from a mechanical point of view, the fracture appears in the wood when the radial strength is weaker at a given time and in a given place than the stress acting in that direction. From this standpoint, strength and stress are the key players in the development of a rupture. Thus, we can analyse the formation of ring shake by focusing our attention on the equilibrium between these two central factors.
Weak radial wood strength
Chestnut is widely known to be a very fissile wood. Its strength perpendicular to the fibre is almost half that of oak (table II) [12] . Many studies of the transversal mechanical strength of chestnut have shown that trunks with ring shake display a lower average radial strength value than those without ring shake [4, 20, 21, 32, [51] [52] [53] 63] . This kind of evidence, however, does not explain the entire phenomenon. In fact the experiments carried out did not establish any statistical value of performance to Ring shake in chestnut: State of the art 133 a Ring shake observed immediately or a few days after the felling of the tree. b Ring shake observed on dried wood (< 15%).
distinguish ring shaken trees from unshaken ones. It was also observed that wood strength distribution is not homogeneous along the radius. Results from various studies indicate that radial wood strength decreases from the pith to the bark [32, 53] , probably as a result of decreasing specific density from the pith to the bark, which may be in relationship with the radial wood strength.
Individual tree effect (genetic factors?)
The fact that chestnut wood is extremely weak in some cases might be primarily due to genetic causes. Two main observations lead us to suppose that genetic factors regulate wood strength, and so indirectly ring shake formation. First, ring shake is not randomly distributed within a single stand, but is instead concentrated over several trees (stools) that are particularly prone to this defect. Second, fracture tests performed with different trees grown in the same stand revealed that strength is principally an intrinsic characteristic of the individual [20, 51] . In particular, it is common for all the shoots of the same coppice stump to behave in the same way [25, 54] . These observations suggest that a link exists between genetic factors and ring shake formation. This hypothesis is supported, although not proven, by results from various studies aiming to establish a link between radial strength and genetic factors [30] [31] [32] 63 ].
Soil effect?
It has been observed that radial strength is lower in those stands where the soil is particularly poor in calcium and other cations [63] . In fact, it is claimed that the binding capacity of calcium cations can strengthen the middle lamellas, as described by the "egg-box model" developed by Grant et al. [37] . Several studies have been performed to clarify the relationship between calcium contents in the soil and in trees, with a special regard to ring shake incidence [33, 34, 49, 50, 59, 63, 66, 67] . The results obtained indicate a link between very low calcium contents and ring shake incidence, yet without providing the evidence for a direct relationship between them. We must also underline that as a species, chestnut is known to be intolerant of calcareous soils: it is possible that the problem is due to difficulties in calcium absorption, rather than the absolute amount of calcium.
The stresses in wood
Apart from the external and temporary stresses that may act on trees and installed wood, such as wind and snow, three mechanisms could be responsible for the stresses that cause splitting: the instantaneous release of certain growth stresses as a result of tree-felling, stemcrosscutting and log-sawing [5, 47] ; the additional relieving of stresses that is observed when wood is heated (hygrothermal recovery) [38, 40, 45, 46] ; and the stresses generated as a consequence of anisotropical shrinkage of wood. Both instantaneous stress release and hygrothermal recovery seem to be related to the rheological conditions of wood cell maturation and of morphological tree growth [39, 64] , while drying stress originates in the moisture change process in wood and is linked to the drying process parameters.
Growth stresses
The term "growth stress" refers to the distribution of mechanical stresses that develop in stems as the tree grows in diameter and height. This is the result of the superposition of support stresses and maturation stresses 134 P. Fonti et al. [27, 28] . Support stresses are caused by the self weight supported by the tree; their distribution in the stem depends heavily on the historical evolution of the tree-loading and on the existing geometrical and architectural situation [27] and are difficult to estimate. More relevant to the formation of ring shake are maturation stresses. This kind of stress arises during the maturation of new cells. Just after differentiation, as cells mature, they are subjected to bio-mechanical transformations that occur at the S2 cell wall level [7, 13] . As a result, cells tend to modify their dimensions and generate stresses in wood. Several authors have proposed models describing the distribution of maturation stresses within the stem [5, 6, 26, 28, 47] . Using these models, Thibaut et al. [63] gave a qualitative illustration of how longitudinal, tangential and radial stresses are distributed in the stem ( figure 2 ). Near the bark there is longitudinal tension, tangential compression and no radial stress, while near the pith there should be a high level of longitudinal compression and both radial and tangential tension. Wood is mostly prone to break in tangential or radial tension. So end splitting linked to growth stress relief must occur near the pith [47] and should take the form of radial cracks. This is the case even in chestnut for which has always had at least a small crack running from the pith outwards [57] . This also suggests that no ring shake should occur near the bark, as was observed [11] . After the first small radial crack occurs, stress distribution inside the log is changed and maximum radial stress is then located between the end of the crack extension and the middle of the radius [9, 38] . This probably explains the numerous observations of ring shake distribution along the radius cited before.
Chestnut coppice shoots reveal longitudinal surface strain stress values (table II) similar to other broadleaved species like beech, eucalyptus and poplar [29] . No substantial interregional differences in measured stress have been observed and coppice management does not seem to favour higher values except for at the base of curved trunks [63] . In symmetrical stools in fact, longitudinal deformation is usually constant along the circumference of the shoots, the value being characteristic of each single [65] . Some stools however displayed stem's sector with longitudinal deformation 5 times greater than the "standard" values [21, 29, 65] . This phenomenon comes back to the heterogeneous distribution of reaction wood, which possesses a particularly high maturation stress, in the stem. The same authors also observed that sectors characterised by small annual rings have a lower longitudinal surface deformation value than sectors with large annual rings. Although differences were observed between trees, no clear relationship between high longitudinal surface strain and ring shake occurrence was found. The same statement is also true for the transverse stresses measured on the same sample of trees [63, 65] .
Hygrothermal recovery
Locked strains in trees are partially released by cutting specimens from the tree, and more completely through hygrothermal recovery, by boiling them in a green state, so as to exceed the softening point of lignin [39, 45, 46] . Hygrothermal recovery evidences the effect of the transverse strains [42] (table II) . As a result hygrothermal recovery causes the further growth or new development of either radial cracks in some trees or of ring shakes in others [57, 63] . This indirectly proves that residual stresses that are distributed like growth stresses are prone to develop ring shake and that there are two populations of logs: those that extend heart checks without ring shakes and those that extend ring shakes leaving the first heart shakes at their low extension.
Ring shake in chestnut: State of the art Figure 2 . Transverse growth stresses at log ends before [42] and after crosscutting, and after the appearance of small heart cracks. The model assumes an axisymmetric, homogeneous and transversally isotropic log, constant maturation stress (Kübler's model [47] ) and the heart cracks are made equivalent to a central hole [40] (here 5% of log diameter).
Drying stresses
During drying, timber moisture content decreases from a very high level to a relatively low level. When the bounded water of the cell walls is removed too, wood volume begins to change an anisotropically, thereby generating drying stresses. Compared to other similar species, chestnut wood does not display any anomalous shrinkage (table II) or unusual microfibril angle [62] , which might justify its high occurrence of ring shake. In his study, however, Leban [51] observed that within the same radial section, ring shaken annual rings display a double radial shrinkage compared to the mean radial shrinkage of the whole radius. In addition, tangential shrinkage was always found to be higher in the annual ring preceding the ring shaken one. Fioravanti [23] also noticed different shrinkage in wood: he observed that there is a different longitudinal shrinkage in the earlywood and latewood areas of the same annual ring. This gradient was particularly pronounced in rings characterised by a small annual increment surrounded by larger rings. All these observations lead us to assume that the structure of the single annual ring may influence local shrinkage and consequently could further favour the development of ring shake in specific annual rings.
CONCLUDING REMARKS
The phenomenon of ring shake appears with a high level of variability, making comprehension of the process leading to ring shake a hard task. However, by combining consistent results from different studies, we are able to draw up a possible scenario for ring shake formation. The key elements are radial wood strength and wood stresses. From a mechanical point of view, the mechanism that induces ring shake is simple: tangential separation occurs if radial wood strength is weaker than the wood stress acting in that direction. It is more difficult to prove where and when this condition is achieved. Both those elements are regulated by several factors as described in figure 3 .
It has been known for a long time that traumatic ring shake is trauma-related in origin and that this type of fracture is not the most important facet of the chestnut ring shake problem because we know causes and possible remedies [18] . The situation with healthy-type ring shake is more problematic, however. On the basis of what we have described above, we can assert that the phenomenon of healthy ring shake in chestnut is principally linked to the weak wood strength of this species. It is striking that chestnut wood tends to develop tangential splits while most of the other wood species form radial fractures. This particular behaviour of chestnut wood and the fact that it is the wood most commonly affected by ring shake suggest that in the radial direction this type of timber might be particularly weak compared to other species. Ferrand [22] hypothesised that this weakness might be brought back to the singularities in the structure of chestnut wood ( figure 4) . Two features in particular are characteristic of chestnut wood anatomy. It displays a ring-porous wood structure, in which the earlywood vessels are distinctly larger than the latewood ones, generating a soft zone rich in cavities and a very distinct and homogeneous interface between successive rings. Second, being of monoseriate type, radial rays that act as radial reinforcing fibres [2, 3, 8, 14, 44, 55, 56] can only partially fulfil this function in chestnut wood. Thus, it is easy for tangential cracks to propagate. In contrast, the and wood stresses(σ stresses ). Radial wood strength results from the interaction between the anatomical, chemical and physical characteristics of wood, which are determined by genetic constitution, tree environment and tree history. The same is true as for wood stresses. In addition, wood stresses depend on the stage of wood processing, whereby stresses can be relieved (growth stresses) or newly generated (hygrothermal recovery and drying stresses). We draw attention to the fact that wood properties change in the stem as trees grow in size and height, thereby establishing a dynamic and complex relationship between the aforementioned elements playing a role in the development of ring shake.
radial cracks that usually form along radial rays have to cross both the soft earlywood and the rigid latewood zones, which offer resistance to fracture propagation. Depending on the balance between radial and tangential strength, will it develop either ring shake or radial cracks. Using the results of studies conducted to date, it is possible to suggest that genetic constitution and soil nutrient content are key determinants of a tree's susceptibility to ring shake and thus determine whether it will tend to form radial cracks or ring shake. But it is not yet quite clear what links exist between genetics or nutrients and chestnut wood microstructure, both at the cellular level (geometry of vessels, fibres or rays for example) and at the cellular wall level (compound middle lamella architecture) that could explain this susceptibility to ring shake. At all events, ring shake will also occur mainly where stresses are worse for this kind of rupture. This explains the higher probability of ring shake near the inner third of the stem radius and at the bottom of the felled stem (felling stresses, and first stress recovery in crosscutting). It is probably also the reason why there is a correlation between irregular diametric growth (i.e. high heterogeneity in ring width) and ring shake occurrence. This should lead to high levels of local stress linked to heterogeneity in maturation stresses combined with local changes of wood properties (shrinkage for example), both just after harvesting, or during wood processing. There is also evidence that the older a chestnut tree is, the higher the probability of ring shake occurrence will be. It is not quite clear if this is a consequence of ageing on wood strength, of dimension on growth stress distribution or simply a mechanical effect of the growing probability of irregular growth with passing time, where occasional very dry or cold seasons are responsible for narrow rings.
Considering the aforementioned aspects, and in order to limit the follow-on damage of ring shake, the following could be taken into account wherever quality chestnut wood (with a lower risk of ring shake) has to be produced. There are three points in the wood production process where decision can be made that affect the likelihood of ring shake. The first has to be made when selecting a site. Although chestnut does not like calcareous Ring shake in chestnut: State of the artsoils, it is better to grow chestnut trees on fertile soils where, in particular, there is enough free calcium. Not only because calcium may reduce the risk of ring shake, but also because a fast and regular growth helps to reduce the risk of ring shake. Coppice stands are to be preferred to high forest because of the short rotation time, but active silviculture is required in order to maintain regular growth and an equilibrated tree shape. The second decision affects individual trees, and involves recognising their genetic constitution as regards radial wood strength so as to eliminate the trees that are prone to ring shake. At present, there are two possible techniques that might help, but both need improvement. The first one is measuring radial strength on wood samples taken directly from the standing trees, e.g. using Fractometer [36] tests. The second method is measuring the radial propagation of ultrasound waves in the stem [35] ; there seems to be some relationship between radial wave propagation and the occurrence of ring shake. The third decision is made when the tree is felled. Depending on the kind of fractures observed at the basis of the stem (ring shake or radial crack), it is possible to make a further selection and decide on the further industrial use of the wood. While these measures do not completely exclude the possibility of ring shake, they certainly minimise both the risk and the consequences of ring shake.
FUTURE PROSPECTS
As we have seen, some aspects of the whole mechanism have yet to be explained and certain relationships have not yet been completely demonstrated. Below we have listed certain points that merit further investigation in order to obtain a better picture of the complex phenomenon that is ring shake: -different features of ring shake have been recognised.
It is likely that the mechanism that leads to each fracture feature has a different origin. A detailed description of this aspect may help in comprehending the mechanism that causes breaking, in particular the type of stress that is principally involved in the development of the fracture as well as the characteristics of the broken material; -the structure of chestnut wood is conducive to weak wood strength. A better understanding of the relationships between ring shake incidence, anatomical and mechanical wood characteristics and the influence of factors such as genetic constitution and soil may help us better evaluate the risk of ring shake; -irregularity in chestnut wood seems to influence ring shake. A better description of this effect on wood properties and stresses is needed and should be further investigated. An understanding of irregularity could be beneficial in developing silvicultural model contributing to minimise the risk of ring shake development.
